INTRODUCTION
Coatings and surface treatments find a wide range of technological applications; they can provide wear resistance, oxidation and corrosion protection, electrical contact or isolation and thermal insulation. Consequently, the ability to determine the thickness of coated metals is important for both process control and in-service inspection of parts. Presently ultrasonic, thermal, and eddy current inspection methods are used, depending on the circumstances. A number of commercial instruments for determining the thickness of nonconducting coatings on metal substrates are based on the fact that the impedance change of the coil decreases exponentially with the distance of the coil from the metal (the lift-off effect). However, these instruments are not suitable for determining the thickness of metal layers on conducting substrates.
Recently Moulder, Uzal, and Rose[ I] developed a multi-frequency eddy current technique for determining the thickness and the conductivity of a conducting layer over a metal substrate of known conductivity. Their approach was based on an absolute comparison of measurement to an exact solution for the impedance of an air-core coil over a layered metal by Cheng [2] and by Dodd and Deeds [3] . No calibration specimens were either required or used. The approach of Moulder et at. provided good estimates for both the thickness and conductivity. However, their implementation of the method required a computer controlled HP 4194A impedance analyzer and each measurements took approximately 150 seconds.
In this paper, we describe a new approach to pulsed eddy-current methods for determining the conductivity and thickness of conductive coating that, while retaining the positive features of the frequency-domain approach of Moulder et al., is significantly faster and uses less expensive equipment. Our approach is based on a new instrument, the pulsed eddy-current (PEC) instrument, which was recently developed in our laboratories. It measures the transient current-voltage response function for step-function excitation of a coil. This personal-computer-based instrument is capable of rapid, linear quantitative measurements as evidenced by the excellent agreement between theory and experiment that will be shown in this paper.
The organization of this paper is as follows. In section II, we will review and develop the theory needed to describe the current-voltage response function for the pulsed eddy-current instrument. In section III, we describe the experimental setup and measurements. A method for determining the thickness and conductivity based on a look-up table is described in section IV. Results are described and theory and experiment are compared in section V. Finally, the paper is concluded with a discussion and summary.
THEORY
The change in the current induced in a right-cylindrical air-cored coil when it is placed next to a layered metal plate compared to when it is placed next to a layer-free reference plate, will be calculated in this section. The calculation proceeds roughly as follows. We start in the frequency domain. First, we calculate ZL' the impedance of a right cylindrical, air-cored eddy-current coil placed next a layered half-space. We also calculate ZHSP , the impedance of the coil placed next to a layer-free reference half-space. We obtain the admittance difference ~y by subtracting the inverse of ZHSP from the inverse of ZL' The current difference in the frequency domain, M(w), is obtained by multiplying ~y by the input voltage v. Next, we take the inverse Fourier transform of M(w) to get the transient current response. The result, ~i(t), can then be compared with measurements.
The calculation of the impedance ofa right cylindrical, air-cored eddy-current coil placed over a layered half-space was reviewed by Moulder et al. [I] . 
The impedance of the coil over the layer-free reference half-space is given by
The transient current, ill(t) , due to a step-function applied voltage, is obtained from the inverse
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, we can further simplify the above formula and one finds
is Hermitian, and f.Y(t) is pure real.
The experimental setup is shown schematically in Fig. I . All current difference measurements were taken with a pulsed eddy-current instrument as shown in Fig. 2 . The pulsed instrument contains two important components. The first is a I MHz 16-bit ND converter and associated computer. The second is an external apparatus which is responsible for driving the probe, and amplifying the return signal. All the measurements reported here have 500 points lying between 0 J.IS and 499 J.IS . The coil and its associated cable were connected to the absolute PEe probe driver and the coil was mounted in a fixture over the sample to permit placing the coil on the surface in a reproducible manner. Measurements of the current were obtained both on the layered material and on a part of the substrate not covered by the layer. We recorded the difference of two currents, !:l.i, at each time point.
Probe
Absolute PE probe dnver Detection Preamplifier [I] have shown that since eddy currents flow parallel to the surface, there are no detectable effects owing to the lack of bonding between the two materials. Measurements of b.Z (or ill in this case) for bonded and unbonded specimens revealed no significant difference. Ten foil samples of pure (99.999) aluminum were prepared by stacking to different thickness ranging from 0.1 mm to 1 mm. Copper foils of thickness ranging from 0.05 mm to 0.5 mm were prepared in a similar fashion using copper 10l. Five titanium foils were used ranging from 0.041 mm to 0.205 mm. For most of the measurements we report here these foils were placed in contact with a given substrate and the probe then placed upon the foil. Table I contains the electrical conductivities oflayers and substrates we used. Thickness of the specimens we used are reported later in Table III .
The coil that we used for most of the measurements is a specially wound air-cored coil. Actual dimensions are given in Table II . It consists of 63 8 turns wound in a circular coil of rectangular cross section. The absolute PEC probe driver allows one to measure current changes in the output of a single coil. The idea here is to drive a single coil with a step voltage, and then monitor the resulting time behavior of the current flow. This is a more direct comparison with the way the impedance analyzer works. 
agree fairly well, within 6%, with no adjustable parameters. As is evident from the comparison of these two cases, the signal is sensitive to both the thickness of the coating and the conductivity of the underlying material.
As illustrated in Fig. 3 , the peak height of ill(t) has the most significantly variation with layer thickness. The peak arrival time and zero-crossing time can also be used as important parameters for the interpretation of the thickness. Consequently we expect that the peak height of 8i(t) will be strongly correlated with layer thickness. The peak height of ru(t) can serve as a sensitive measure of layer thickness if the layer is uniform and its conductivity is known. In our experience this parameter is the most insensitive to the heating effect of the coil. Due to the diffusive nature of eddy-currents, the peak height of the signal will approach a maximum value as the thickness of the layer is increased, so for detecting thicker layers, we may need a bigger coil and a higher input voltage.
INVERSION METHOD
In this section we describe a method for estimating the thickness and conductivity of a surface layer from PEC measurements. The complexity of the problem arises from the need to estimate the conductivity and thickness of the layer simultaneously. If either were known, it would be relatively trivial to estimate the other. We would simply determine the unknown parameter from the peak height, which is the feature of the data that varies most strongly thickness and conductivity.
Moulder et al. examined the inversion problem using frequency domain data. They fitted the real part of the measured impedance to theory using a least-squares norm. Good results were obtained.
However, this method required approximately 20 CPU minutes on a DEC 5000 workstation for the analysis of each set of measurements. Sethuraman and Rose [4] developed a more rapid (several seconds on the same processor) solution that was based on isolating three characteristic features of the frequency-domain response and then relating the thickness and conductivity to these features. Baltzersen [5] independently developed a look-up approach to the more limited problem of determining the thickness of unsupported metal plates.
We developed a look-up table approach for determining the thickness and conductivity ofa surface layer from pulsed eddy-current data. There are three unknown parameters in the problem: the conductivity of the substrate metal, the conductivity of the layer, and the thickness of the layer. We will assume that the conductivity of the substrate is known a priori. We isolated the following features of the PEC current response: (I) peak height (PH), (2) peak arrival time (PT), and (3) zerocrossing time (ZT). Of these parameters, the peak height appears to vary most strongly with thickness(cf. Fig. 3 ). The peak arrival time varies next most strongly with thickness. The zerocrossing time, owing to the effect of thermal -drift in the signal, is the most unreliable estimator. We built a look-up table based on these features (PH, PT, ZT) to estimate the layer's thickness and conductivity. The look-up table makes the inversion time small in comparison with the measurement time.
The look-up table was constructed by computing ill(t), extracting the crucial features and tabulating them along with the thickness and conductivity. The table ranges over thickness from 0.02-1.4 mm and conductivities from 0.5-71 MS/m. The conductivity of the substrate and the dimensions of the probe coil are assumed to be known; if these change the table must be recomputed.
The determination of thickness and conductivity can be described schematically as follows:
1. Construct a look-up table by computing m(t) for a variety oflayer thickness and conductivities for a specified substrate and probe coil.
2. Measure the peak-height, the peak-time and the zero-crossing time and estimate the error in each quantity.
3. Compare the calculated and measured features by looking through the table. Identify all estimated layer conductivities and thickness that are consistent with the measurements and estimated errors.
4. Report the arithmetic average of the estimated thickness and conductivities.
The scheme outlined above modifies the method of Sethuraman and Rose as follows. There is a certain inevitable error in the measurements that leads to an uncertainty in the predicted values of the thickness and conductivity. For all the calculations reported in this paper, we assume that the relative error in the key features are PH = ±2%, PT = ±IO%, and ZT = ±IO%. In our approach, we find all possible values of the thickness and conductivity that are consistent with the measured features and the error. Finally, we report the arithmetic average of all values ofthe thickness and conductivity that fall within the bounds of experimental error. Table III . Estimated thickness and conductivities with both parameters determined simultaneously. The actual value of the conductivities as shown in Table I We report on the accuracy ofthe look-up table method for estimating layer thickness and conductivity from experimental data in this section. The following types of samples were considered: aluminum foils on titanium, copper foils on stainless steel and titanium foils on aluminum. Each measurement was repeated five times. Table III summarizes Table III show that the thickness and conductivity can be accurately inferred from pulsed eddy-current data.
RESULTS
As we indicated previously, it is relatively easy to infer the layer's conductivity if its thickness is known and vice versa. As shown in Fig. 4(b) , the estimate for the layer's conductivity is close to actual value but is somewhat overestimated. This overestimate it almost completely removed if the ~ 1.21
.g conductivity of the layer is given a priori as shown in Fig. 5(b) . The already excellent estimate for the thickness (Fig. 4a) is also improved if the conductivity is known a priori as shown in Fig. 5(a) .
The ability to size conducting layers on metal substrates using PEC data has been demonstrated. The agreement between theory and experiment is excellent.
DISCUSSION AND SUMMARY
In this section, we first discuss several interesting features of our measurements. Finally, we conclude the paper with a summary.
We have demonstrated that our method is suitable for detennining the thickness and conductivity of layers of non-magnetic metals on non-magnetic conducting substrate. The same PEC instrument can be used to measure the current response of magnetic layered magnetic metals. However, the connection between the measured results and the Dodd and Deeds model is uncertain at present as shown in Ref. [6] . Consequently, further study is required before applying this technique to determine the thickness, permeability and conductivity of layers on magnetic metals.
The utility of our inversion method depends in part on the relative size of the coil and the thickness of the layer. For example, the decay of the magnetic field depends not only on the conductivity of the metal but also the size of the coil. As a rule of thumb, the magnetic field becomes small for distances into the metal that are comparable to or greater the radius of the coil.
Thicknesses were accurately inferred for layers ranging in thickness from SOf.D11 to 1000f.D11. A larger coil would be needed to size accurately layers greater than 1000 f.D11. We have used the same probe to measure very thin layers; e.g. 12.Sf.D11 aluminum layer on stainless steel. For these thinner samples it was possible using the probe coil in our experimental set-up to determine either thc thickness or the conductivity, but not both simultaneously. A smaller probe would be needed to extract both parameters simultaneously.
Protective coatings and surface treatments are widely used in industry for a variety of purposes. Often it is necessary to determine the thickness and uniformity of such surface layers. We have demonstrated that pulsed eddy currents are a simple and rapid means of determine the thickness of metallic coatings on conductive materials. The method is quantitative and does not depend upon calibration or artifact standards. Compared with the previously developed swept frequency technique, the present approach is simpler and faster; the equipment is less expensive and can easily be made portable. Since the measurements are hundreds of times faster, the sensitivity to probe wobble is much less critical. We have developed a theoretical model for the measurements and shown an extraordinary degree of agreement between experiment and theory, without the need for calibration or adjustable parameters.
